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Abstract 
 
This research examines cognitive‐motor integration (CMI) (thinking and moving) during 
eye‐hand coordination, a skill commonly required in sport. This study examines CMI in varsity 
athletes during their return‐to‐sport protocol following concussion. Participants were tested on 
two novel visuomotor transformation tasks using a computer touch‐sensitive tablet attached to a 
second external touchpad. Tasks consisted of a standard interaction condition, and a plane change 
and reversal condition, in which perception and action were decoupled, therefore requiring CMI. 
We observed that these athletes showed performance impairments at the time they were cleared  
to return to their sport based on current protocols. We found a lack of improvement compared to 
that of control athletes measured at the same time points. As well, some athletes showed deficits 
as late as three months following injury. These data suggest that  more work needs to be done in 
order to better assess and understand the underlying effects of concussion. 
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Introduction 
Concussion 
Concussion, a form of mild traumatic brain injury (mTBI) induced by biomechanical 
forces, has recently been referred to as  a silent epidemic by the Centers for Disease Control and 
Prevention (CDC).1 Concussions affect an estimated 1.6-3.8 million Americans2 and 653/100,000 
Ontario residents3 per year. However, given the numbers that remain undiagnosed and unreported, 
the actual number of concussions occurring each year is hypothesized to be even larger.2,4 Many 
researchers have indicated that concussions may affect a person’s ability to return to their daily 
life and may result in long-term consequences such as difficulty with memory and persistent 
symptoms.1,3,6,7 To be diagnosed with a concussion, an individual must have a mechanism of 
injury (MOI) and at least one sign or symptom.3,7 Mechanisms of injury include a direct blow to 
the head, neck, face, or elsewhere on the body causing linear or rotational forces to be transmitted 
to the brain.4,5,7 These mechanisms of injury are suggestive of the inertial response of the brain 
within the skull, which can be direct or indirect.4,5 Brain areas thought to be commonly affected 
in concussion include the upper part of the brain stem, the fornix, the corpus callosum and the 
frontal and temporal lobes.6,8  
Pathophysiology of Concussion 
The pathophysiology of concussion is still not fully understood. One of the main 
difficulties with diagnosis and recovery from concussion is that microscopic neural damage 
cannot be detected when using standard diagnostic imaging techniques.3,7,9,10 However, it is 
speculated that the functional disturbances observed following concussion result from 
neurometabolic effects which cause significant changes in cerebral glucose metabolism.11-12 It 
has been found in both humans and animals that mTBI can alter the brain’s physiology for as 
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little as a few hours to as long as several years.13,14 In an attempt to restore ionic and cellular 
homeostasis, the increased demand for energy coupled with the decreased supply of cerebral 
blood flow results in a mismatch between energy supply and demand.9, 11 During this time of 
energy crisis, it is speculated that the human brain is at an increased vulnerability to the effects of 
another concussion.15 Along with neurometabolic changes there may also be damage involving 
neurotransmission. Specifically, damage to the cytoskeleton of axons results in decreased axonal 
transport and therefore, impaired functioning due to slowed conduction.9 Recently, studies using 
diffusion tensor imaging (DTI) have found decreased white matter integrity in both the acute and 
chronic stages of concussion.16,17, The brain areas in which this decreased integrity was observed 
include the corpus callosum, superior longitudinal fasciculus (SLF), and corticospinal tract 
(CST). The damage to these areas suggest a decreased connectivity within the frontoparietal 
network.18-20 
Current management and recovery standards 
The current diagnosis for sport related concussion is based mainly on the judgment of 
physicians3,6,7, 21, 22 with input from athletic therapists/trainers and coaches. In order to clinically 
diagnose a concussive head injury, there are many features to look for. These features include: a 
direct blow to the head, face, or neck; a direct blow elsewhere on the body which transmits a force 
to the head; rapid onset of neurological function impairment; and a presentation of a number of 
symptoms in the absence of structural abnormailites on standard structural neuroimaging.3,7,9,10 
Symptoms of concussion are generally grouped into four main categories: physical, emotional, 
cognitive, and sleep disturbances3,7 (see Table I in Appendix A for a full list of symptoms). 
Symptoms of concussion typically resolve within 7-10 days.7 Any symptoms lasting longer than 
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this are considered persistent symptoms and may progress into post-concussion syndrome 
(PCS).4,23  
Current standards of management for sport related concussions and symptoms follow a 
Return-to-sport (RTS) protocol.7 This consists of 6 stages following diagnosis of concussion, and 
24-48 hours of physical and cognitive rest: 1) Symptom limited activity (daily activities), 2) Light 
aerobic exercise, 3) Sport-specific exercise, 4) Non-contact training drills, 5) Full-contact 
practice, 6) Full return to sport (see Table II in Appendix A for further detail of the RTS protocol). 
These steps are to be monitored by a licensed health care professional. Following diagnosis, each 
step requires the athlete to be asymptomatic for 24 hours before proceeding to the next stage. 
However, the objective progression of these stages remains difficult as the identification of signs 
and symptoms can be complicated due to the lack of abnormalities on structural 
neuroimaging.9,10,24 This makes it difficult for clinicians to accurately determine if the brain has 
completely healed following injury. Instead, the majority of Athletic Trainers in the USA (71.2%) 
currently use a battery of neurocognitive tests to assess concussion and monitor the stages of 
recovery. 25 As well, a multifaceted approach has recently been adopted to include assessment of 
balance, cognitive and mental status, neuropsychological performance, and self-reported 
symptoms. 26   
One major issue with the current concussion assessments is the sequential analyses of 
cognitive and motor abilities, rather than simultaneous assessment. It is well known that an 
important aspect of most sports is the ability to think and move at the same time. For example, 
movements must be made while incorporating information about the rules of the game, other 
players’ positions, and past experiences in specific situations. Therefore, testing cognitive and 
motor abilities separately is not a good reflection of the brain networks required during actual 
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play. As well, it has been found that the sensitivity of any one of the domains, when tested 
separately, fails to exceed 70 percent.26 This lack of sensitivity may lead to the inappropriate 
management of concussion; which includes things like failure to identify the presence of 
concussion, premature return to participation, and increased potential for second impact 
syndrome. 26 Athletes are being tested on cognition and motor abilities separately, and then 
returning to sport situations in which they are expected to use them together. Previous research 
in this area has shown that a proportion of athletes who have been returned to sport based on the 
current standards continue to display deficits when tested in areas which require integrative brain 
processing, such as cognitive-motor integration. 27, 28, 29 
Management Tools 
A common tool used to evaluate an injured athlete for concussion is the Sport Concussion 
Assessment Tool (SCAT). This currently consists of a Glasgow Coma Scale and Maddocks Score, 
as well as a symptom evaluation, cognitive assessment, neck examination, balance examination, 
and coordination examination, for use during sideline assessment (see Appendix C for full 
SCAT5).7  Over recent years, the SCAT tool has been developing and changing in order to better 
identify, and assist with tracking recovery from concussion. However, there is still controversy 
as to the validity and effectiveness of the tool. In 2014, Snyder & Bauer (2014) found a significant 
age effect on SCAT2 performance such that older adolescents and teenagers produced higher 
(better) total scores than younger. These authors suggest that clinical utility may be limited in 
children under age 11. As well, Carson, et al., (2014)30 found that 43.5 percent of concussion 
cases were returned to play and school too soon. Since then, an updated version (SCAT3) has 
been developed in order to improve upon the SCAT2. This included adding the Glasgow Coma 
scale to assess the initial severity of injury, and an independent score for each component as 
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opposed to an overall composite score.31 As well, this included introducing a modified SCAT3 
for children under the age of 12.3 (See Appendix C for full SCAT3) However, critisisms remained 
concerning the lack of indication about specific timing of administration following concussion32, 
and the variability in symptom scales in the absence of concussion.33 While the protocol has once 
again been updated recently, research continues to suggests that the current version (SCAT5) is 
still insufficient in detecting lingering neurological issues following concussion in athletes given 
that it continues to measures cognitive and motor abilities subsequently . 27, 28, 29  The SCAT5 is 
currently considered the most well-established instrument available for sideline assessment of 
concussion, which consists of immediate removal of the athlete from play and assessment of 
concussion after a mechanism of injury occurs during play, but the value of the tool decreases 
significantly beginning 3 days following concussion.7 Therefore, it is best to consider the SCAT 
a useful tool for the immediate assessment and diagnosis of concussion, but to remain wary of 
using it as a continual tracking tool to monitor the stages of recovery, and clear individuals for 
return to play.  
Other management tools are commonly used in conjuction with the SCAT to monitor the 
stages of recovery from concussion. The Immediate Post-Concussion Assessment and Cognitive 
Testing Test battery (ImPACT) is a battery consisting of six modules to evaluate attention, 
memory, reaction time, and processing speed.34 This test has been found to have 81.9 percent 
sensitivity, and 89.4 percent specificity, deeming it a useful tool to aid in the diagnosis of 
concussion.35 However, as mentioned above, this test measures the specified domains separately, 
and therefore is not meant to be used in the assessment of recovery. The Balance Error Scoring 
System (BESS) is a static posture test consisting of three stances on two different surfaces in order 
to test postural stability. While balance itself has been found to be affected by many forms of 
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brain injury, including concussion36, the BESS has been found to have issues with intrarater and 
interrater reliability.37,38 These issues make it difficult to rely on BESS scores for assessment of 
recovery, especially if more than one individual is administering the test. Many other test batteries 
exist and may be used by clinicians to aid in the diagnosis and assessment of recovery following 
concussion. However, to our knowledge all of these test batteries continue to test multiple facets 
separately, creating a lack of completeness to properly deem concussed athletes recovered. 
Cognitive Motor Integration 
The brain is often required to integrate information to properly execute tasks in everyday 
life. The ability to perform movements guided by vision requires visual information from the 
environment to be transformed into programed motor outputs, known as visuomotor integration. 
There are two main forms of visuomotor integration which we experience: standard mapping 
(where the targets of eye and limb movements are spatially congruent), and non-standard 
mapping (where there is a spatial dissociation between movements of the eyes and limb and a 
rule is required in order to successfully execute the appropriate motor command).39 It is thought 
that the brain concurrently processes information for the eye and hand, simplifying planning and 
allowing for quick and accurate movements; this is commonly referred to as the default reaching 
network.39,40 This network is utilized in standard mapping visuomotor transformations. These 
transformations involve looking at the target with which we are directly interacting. For 
example, when picking up a coffee cup both our gaze and our reach occur towards one target. 
However, if the visual information from the environment does not align with the required motor 
program, the brain must use rules to execute an appropriate motor response. 29, 41 This type of 
visuomotor integration requires non-standard mapping and therefore, the integration of spatial 
and cognitive rules.39 The decoupling of hand and eye coordination, in combination with rules 
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required to signfy the association between perception and action5, requires cognitive-motor 
integration (CMI)42.  Non-standard mapping can be decoupled in two ways: 1) There is an 
arbitrary relationship between the stimulus and the action (e.g. Red traffic light means step on 
the brake), 2) There is a transformational dissociation between gaze, spatial attention, or limb 
movements, and the target (ex. using a computer mouse when looking at a computer screen.39 
This decoupling can then be further separated by two possible recalibrations: spatial or strategic. 
Spatial recalibration requires the adaptation of the brain to changes in spatial orientation in order 
to align motor output with sensory input.43-45 For example, when using a computer mouse your 
gaze is directed at the screen on a vertical plane, but you are interacting with the mouse on a 
horizontal plane. This adaptation is slower and occurs without conscious awareness and 
therefore, is considered to be implicit.43-46 The implicit recalibration is thought to occur through 
movement inaccuracies signaling an internal error and resulting in correction.46 Conversely, 
strategic control requires the integration of a rule that is task-dependent in order to align the 
motor response with the target.43-46 For example, rotating the computer mouse input 180o such 
that you would need to move your hand in the opposite direction of the target in order to 
successfully complete the task. This adaptation is considered explicit in nature, given that it 
requires external feedback to overcome movement errors. These types of visuomotor 
dissociations requiring cognitive-motor integration provide a means of assessing the brain’s 
ability to think and move at the same time. 
Brain networks involved in CMI 
Visuomotor integration is thought to involve a transformation between reference frames 
from extrinsic (based on external cues) to intrinsic (based on required joint and muscle 
activations).47-49  The combination of this information is required to create an appropriate plan of 
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motor action in order for successful goal directed reaching movements to occur.48,50 This 
combination of information may be due to reciprocal connections within the frontoparietal 
network – a network that is organized both hierarchically and in parallel in order to produce 
coordinated movement. 48,51 The frontoparietal network has been established as crucial for the 
visuomotor integration required for reaching.50, 52 Hierarchically, visual information enters 
through the primary visual cortex (V1) of the occipital lobe and is further processed through the 
extrastriate cortex. A reaching movement requires the visual information to pass through the 
parieto-occipital extrastriate cortex (PO) to the posterior parietal cortex (PPC). The PPC includes 
the superior parietal lobule (SPL), inferior parietal lobule (IPL), the median dorsal parietal area 
(MDP), and areas of the intraparietal sulcus (IPS); including medial (MIP), lateral (LIP), and 
ventral (VIP) intraparietal areas.49, 52  It has been determined that these areas are responsible for 
creating a spatial representation of both limb and stimulus by receiving information from both 
visual and motor areas.47, 49, 52, 40 The areas where motor plans are created – premotor cortex 
(PMC); including medial supplementary motor area (SMA), and cingulate motor area (CMA), as 
well as the lateral dorsal (PMd) and ventral (PMv) premotor areas – receive information from the 
PPC and provide output to the primary motor cortex (M1) in order to create motor execution.49, 
52 The activity within the frontoparietal network is responsible for gradually transforming 
extrinsic visuospatial information into motor commands for reaching. However, it is not as simple 
as described above. This processing required depends on local communication and extensive 
reciprocal corticocortical projections that act both serially and in parallel.48,49,52 Changes in the 
pattern of activity of the frontoparietal network, specifically within the PMd54 and SPL42, have 
been noted during a non-standard mapping visuomotor task. (see Figure 1 for diagram of 
pathways)  
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Figure 1.  Simplified overview of brain regions involved in both standard and non-standard visuomotor 
transformation. Dark blue boxes refer to lateral brain areas, pink boxes represent a subdivision within a brain 
region, and light blue boxes represent areas found on the medial aspect of the brain. Thick black arrows 
denote the hierarchical organization for reaching as described in the paper, while thin black arrows 
characterize connections that may play a role in non-standard reaching. Dotted lines symbolize cerebellar 
connections within this network. It is important to note that connections are often reciprocal and act in parallel 
as well as hierarchically.   
Primary visual cortex (V1), parieto-occipital extrastriate cortex (PO), posterior parietal cortex (PPC), superior 
parietal lobule (SPL), intraparietal sulcus (IPS), inferior parietal lobule (IPL), premotor cortex (PMC), dorsal 
premotor cortex (PMd), ventral premotor cortex (PMv), supplementary motor area (SMA), cingulate motor 
area (CMA), primary motor area (M1), dorsolateral prefrontal cortex (DLPFC) 
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The cerebellum – important for motor coordination, motor learning, and spatial 
attention51,55– also plays an essential role in both standard and non-standard reaching tasks.40, 45, 
56 Functionally, the cerebellum can be divided into the vestibulocerebellum, the spinocerebellum, 
and the cerebrocerebellum. For the proposed study described below, it is important to note that 
lesions to the deep nuclei of the spinocerebellum result in disrupted accuracy, hand path, and 
timing errors in reaching movements; while lesions to the deep cerebellar nucleus of the 
cerebrocerebellum result in delays in initiating movements and irregularities in movement 
timing.51 In particular, it has been shown that cerebellum function is important during the 
corrective movement stages, when sensory feedback is accessed and utilized.50, 51, 57 Accordingly, 
it is not surprising that increased cerebellar activity has been noted in non-standard compared to 
standard visuomotor tasks, resulting from the need for corrective movements or possibly due to a 
role in the actual dissociation of eye and hand.55  
CMI in the healthy versus concussed brain 
 Along with differences in brain activation, behavioural differences have also been noted 
during non-standard tasks. The previously mentioned required recalibration is thought to be the 
reason for these behavioural differences. When vision and action are decoupled, decreased 
accuracy and increased movement and reaction time have been noted.39,40 While these 
behavioural effects are generally well understood in healthy populations, they are less well 
understood in those with altered brain function. It is important to understand how these 
behavioural differences are linked to functional differences in order to improve prevention, 
progression, and rehabilitation for these individuals. 
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 The effects of CMI in mild cognitive impairment (MCI)58 and Alzheimer’s patients59-61 
has been noted. These studies found that both MCI and Alzheimer’s patients performed at the 
same level as healthy age-matched and young controls on a standard mapping task. However, the 
patient population showed signs of difficulty when attempting the decoupled tasks in which CMI 
is required.58,41,61 It is also interesting to note that those with MCI only showed impaired reaction 
time and movement time when both spatial calibration and strategic control were required.58 
As the frontoparietal network is highly susceptible to the effects of concussion given the 
lobe’s anatomical locations, it seems likely that behavioural deficits would become evident during 
visuospatial transformation tasks, particularly when cognitive rules are required. Previous work 
in from this lab has shown impaired reaction time and movement time in previously concussed 
athletes when both spatial recalibration and strategic control were required. 27,28,29 However, the 
previous work compared concussed participants to control participants at one time-point and 
therefore, did not refer back to participants’ baseline measures. Therefore, further work 
investigating the longitudinal behavioural impact of concussion on cognitive-motor integration is 
needed in order to improve methods of diagnoses, assessment, and recovery. 
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Current Study – Purpose and Hypotheses 
Previous research from this laboratory has shown cognitive-motor integration declines in 
elite, university-level, child, and adolescent athletes who have a history of concussion (but were 
deemed recovered at the time of evaluation) 27,28,29. To extend the research into concussion 
recovery, the current study examines cognitive-motor integration over a three month period in 
young adult athletes going through their clinically-monitored Return-to-Sport (RTS) protocol 
following diagnoses of suspected concussion. The purpose of this study is to expand on prior  
research by examining CMI changes in concussed athletes throughout the progression of their 
recovery period, and compare them with non-concussed athletes at corresponding time points in 
order to improve current tracking tools to monitor recovery from concussion.  
In accordance with previous findings,27,28,29 we believe using a CMI task will expose 
lingering deficits in cognitive-motor performance not detectable by current RTP standards. We 
predict that athletes following current RTP protocols will not return to their baseline levels (scored 
prior to obtaining concussion) at the time they are deemed safe to begin their return to play. This 
prediction would support our hypothesis that our task is affecting diverse brain networks 
combining cognition and action, and that these networks are an improved reference point for 
indicating neural healing following concussion. 
As well, we predict that athletes will have impaired CMI performance following 
concussion, as compared to non-concussed controls measured at equivalent time points on the 
same tasks. 
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Materials and Methods 
Participants 
A total of twelve participants were included in the study (Concussion Group n=7, Control 
Group n=5). Demographic information and the make-up of the groups can be found in Table 1.   
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Table 1. Demographic information including age, sex, sport played, and number of previous 
concussions, for concussed and non-concussed control participants. Groups consist of return to 
play (RTP) and/or three months post concussion (3mos post) - - denotes a missing value 
 
Participant 
Number 
Age Sex Sport 
Number of 
previous 
concussions 
Data 
included in 
C
on
cu
ss
ed
 
1 19 Male Football 0 RTP 
2 20 Male Football 1 
RTP 
3mos post 
3 19 Male Football 0 
RTP 
3mos post 
4 22 Male Football -- 
RTP 
3mos post 
5 19 Female Rugby 0 RTP 
6 19 Female 
Women’s 
Hockey 
0 
RTP 
3mos post 
7 22 Female 
Women’s 
Hockey 
0 3 mos post 
N
on
-c
on
cu
ss
ed
 C
on
tr
ol
s 
1 18 Female Field Hockey 0 RTP 
2 22 Male Soccer 0 RTP 
3 21 Male Soccer 0 
RTP 
Time 3 
4 20 Male Football 0 RTP 
5 21 Female Field Hockey 0 
RTP 
Time 3 
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Participants were recruited through York University Varsity athletics and the 
Gorman/Shore Sport Injury Clinic, located on York University Campus. The concussed athletes 
(Concussion group), as diagnosed by a health care professional, were recruited  from York’s 
Varsity Football, Men’s Hockey, Women’s Hockey, and Women’s Rugby teams. All rookie 
players from York University’s Varsity Football, Men’s Hockey, Women’s Hockey, and 
Women’s Rugby were baseline tested prior to the start of their season. As a pilot, control 
participants (Control group) were recruited from Varsity level athletes who have no history of 
concussion. All  participants completed two visuomotor transformation tasks (described below). 
Concussion group athletes completed these tasks at timepoints corresponding with their progress 
through the stages of RTS(stage 2 -Light aerobic exercise; and three months post conussion) as 
well as prior to the start of season (baseline). Control group athletes were measured at average 
timepoints signifying a typical progression through the stages of RTS (day 0 - baseline, day 7-10 
– return to play, and day 90-100 – 3 months post concussion) for a total of 3 sessions. For clarity, 
Control group timepoints will be refered to as baseline, time 2 (corresponding with time of return 
to play), and time 3 (corresponding with three months post concussion). Ethics has been approved 
through York University’s Research Ethics Board human participants subcommittee. 
Baseline testing 
Baseline testing consisted of a questionnaire and two visuomotor transformation tasks 
executed on the Brain Dysfunction Indicator (BrDI™) system (explained below). 
The questionnaire was used to determine a) age, sex, sport, position, b) number, time, and 
approximate severity of previous concussions, c) video game use, and d)diagnosed neurological 
disorders, and family history of dementia or other neurological disorders. During the 
questionnaire, participants were verbally informed as to what neurological disorders were. They 
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were provided with examples such as: Attention Deficit Disorder (ADD), Attention Deficit 
Hyperactivity Disorder (ADHD), Epilepsy, and Migraines. Please see Appendix B for full 
questionnaire. 
No participants analyzed had been diagnosed with neurological disorders. 
Experimental task 
 All participants were tested on two visuomotor transformation conditions per session, 
executed using the Brain Dysfunction Indicator (BrDI™) software. These tasks were presented 
on a tablet computer (ASUS Transformer Book T100 2 in 1 tablet) in a vertical position, and an 
external touchpad (Keytec™,  28.5cm x 21.5cm, 60Hz sampling rate) situated perpendicular (i.e. 
in the horizontal plane) to the tablet screen (see Figure 2 for diagram). Participants sat at a desk 
such that they could comfortably reach both the table touchscreen, and the external touchpad. 
Each session consisted of one standard (direct interaction) and one non-standard (indirect 
interaction) task.  
 In the standard task, the participants were required to directly interact with the targets on 
the vertically oriented touchscreen while wearing a capacitive-touch glove on their preferred 
hand. A central yellow target with a diameter of 7.5mm appeared in the center of the screen. Prior 
to the initiation of the experiment the participant was instructed to slide their finger on the 
touchscreen in order to move a white cursor to the center of the yellow target. Once achieving 
this, the center target turned green. After a delay period of 4000ms, a red peripheral target was 
presented 55mm away from center (up, down, left, or right) and the central target disappeared. 
This served as the “GO” signal for the participant to slide their finger along with the cursor across 
the screen directly to the presented peripheral target. After reaching the peripheral target and 
remaining there for 500ms, the peripheral target disappeared. This served as the signal for the end 
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of the trial. Following a delay of 2000ms, the central target reappeared, signaling the participant 
to return to the center to begin the next trial. A total of 16 trials were completed for each condition. 
(see Figure 2) 
  
    18 
 
Figure 2. Sequence of events during one trial of the standard BrDI task. The yellow circle denotes 
the center, or home, target in which all movements begin. Target changes from yellow to green 
to signify a movement preparation signal. After 4000ms a red peripheral target appears in one of 
four peripheral directions (90° to top, bottom, left or right of center) which signifies the ‘Go’ cue. 
The yellow center home target reappears after an inter-trial interval of 2000ms, signaling the end 
of the trial. Participant is looking at and moving on the screen where targets appear. 
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In the non-standard (indirect interaction) task, measurement and timing of presentation of 
targets remained the same. However, in this task participants were instructed to maintain their 
eye focus on the vertically oriented tablet touchscreen, while manipulating the cursor using the 
horizontally oriented touchpad. This created a decoupling of vision and action. As well, the 
feedback for this task was rotated 180o (i.e. in order to move the cursor left, you slide your finger 
right). This created the strategic control requirement. These two levels of decoupling are referred 
to as Plane Change and Feedback Reversal, respectively. (see Figure 3) 
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Figure 3. Sequence of events during one trial of the plane change and feedback reversal (non-
standard) BrDI task. The yellow circle denotes the center, or home, target in which all movements 
begin. Target changes from yellow to green to signify a movement preparation signal. After 
4000ms a red peripheral target appears in one of four peripheral directions (90° to top, bottom, 
left or right of center) which signifies the ‘Go’ cue. The yellow center home target reappears after 
an inter-trial interval of 2000ms, signaling the end of the trial. Participant is looking at the vertical 
screen but moving on the screen perpendicular to where targets appear and in the opposite 
direction. 
  
S
ta
rt
: 
    21 
 In all conditions, participants were instructed to look to the target circle and to move as 
quickly and as accurately as possible. 
 Each participant completed 4 trials per target (n=4), per condition(n=2) for a total of 32 
trials per participant, per session. An example of individual movement trajectories on both the 
standard and non-standard tasks can be found in Figure 4 and Figure 5. 
Data processing 
Kinematic measures, including timing, finger position, and error data were recorded by 
the BrDI software for each trial and converted into a MATLAB readable format using a custom 
written C++ application. Unsuccessful trials were detected by the data collection software and 
resulted in trial termination if the finger left the home target too early (<4000ms), Reaction time 
(RT) was too short, (<150ms), RT was too long, (>8000ms), or movement time was too long 
(>10000ms). Trials in which the first ballistic movement exited the boundaries of the center target 
in the wrong direction (greater than 45° from a straight line to target) were coded as direction 
reversal errors and were analyzed as a separate variable. 
Velocity profiles were computed for each successful trial and displayed alongside a 
Cartesian plot illustrating finger position data and target locations using a custom analysis 
program.  
 The movement onsets and ballistic movement offsets (the initial movement prior to path 
corrections) were scored at 10 percent peak velocity, while total movement offsets were scored 
as the final 10 percent peak velocity point once the finger position plateaued within the peripheral 
target.  In situations where the initial movement successfully brought the finger to the peripheral 
target, the ballistic and total movement offsets were equivalent.  These profiles were then verified 
by visual inspection, and corrections to the movement onset, ballistic movement offsets, and final 
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finger position were performed by the author when necessary. The scored data was then processed 
to compute 8 different movement timing and execution outcome measures, described in detail 
below. Individual trials which exceeded 2.5 standard deviations from the participant’s mean for 
each of the outcomes measures was eliminated prior to the calculation of outcomes.  
Dependent measures 
The kinematic dependent measures in this study have been divided into categories of 
movement timing and movement execution. These measures were computed using a custom-
written analysis software (MATLAB®) 
Movement Timing 
The measured kinematic variables for movement timing were as follows:  
1) Reaction Time (RT): The time interval between the central target disappearance and movement 
onset (milliseconds; ms).   
2) Movement Time: The time between movement onset and offset (millisecond; msec). 
Calculated as both total movement (MTf, full movement time) as well as ballistic movement 
(MTb, initial movement time).  If no corrected movements were made, ballistic movements were 
equal to full movement times.   
3) Peak Velocity (PV): The maximum velocity obtained for each trial (mm/ms). 
Movement Execution 
Kinematic variables for movement execution were:  
1) Normalized path length : the normalized distance travelled between movement onset and offset 
(percentage of total path length; %). Calculated as both the normalized full path length (PLfN, - 
percentage of straight line between starting positing in center target and ending position in 
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peripheral target) as well as the normalized ballistic trajectory (PLbN, percentage of straight line 
between starting positing in center target and position at initial movement offset). 
2) Absolute Error (AE, end-point accuracy): The average distance from the individual movement 
endpoints (∑ x/n, ∑ y/n) to the actual target location (millimeters; mm).   
3) Variable Error (VE, initial-point precision): The distance between the individual movement 
ballistic endpoints (σ2) from each other (millimeters; mm).   
4) Percent Direction Reversal errors (%DR): The percentage of total trials that constituted a 
deviation of greater than ±45° from the direct line between the center of the central and peripheral 
targets.   
5) Percentage of Error Trials (%Err): The percentage of total trials in which the participant did 
not successfully complete the trial for any reason (other than manual deletion). 
Trials were manually deleted based on notes kept during testing sessions. Reasons for manual 
deletion included: unresponsive touchscreen, unavoidable distraction causing participant to lose 
focus on the trial, removal of finger from the screen, and any other mishaps with the technology 
deemed non-reflective of the participant’s performance. Please see Table IV in Appendix A for 
summary of number of trials deleted. 
Statistical analysis 
Statistical analyses were performed  using SPSS statistical software (SPSS 24, IBM). In 
general, variables were assessed to determine whether concussed athletes had returned to baseline 
levels at time of beginning the return to sport protocol as initiated by a physician, and three months 
following initial diagnosis of concussion. As well,  controls were used to determine whether there 
was a learning effect on the task by comparing rate of improvement on all variables with those 
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recovering from concussion, and if there was a difference in performance between concussed 
individuals and controls at any one timepoint during their recovery process. 
The comparison groups were as follows: 
➢ Concussion group at Return to play vs. Concussion group at  Baseline 
➢ Concussion group at 3 months post concussion vs. Concussion group at Baseline  
➢ Control group at time 2 vs. Control group at Baseline  
➢ Control group at 3 time 3 vs. Control group at Baseline  
➢ Concussion group at Baseline vs. Control group at Baseline  
➢ Concussion group at Return to play (time 2) vs. Control group at time 2 
➢ Concussion group at 3 months post concussion (time 3) vs. Control group at time 3 
A Shapiro-Wilk’s test was done to test for normal distribution on each variable. Repeated-
measure t-tests were used on those normally distributed variables. Non-parametric analysis – 
specifically, Wilcoxon signed-rank tests – were used to compare the differences in means on the 
non-normally distributed variables. See Table III in Appendix A for distribution of variables. 
A Kruskal-Wallis H test was used to compare the Concussion group to the Control group 
at all time points in order to compare level of improvement of scores. 
As well, z-scores were calculated and used to determine overall scores on related groups 
of variables for the Concussion and the Control group. These scores were calculated by 
subtracting the individual participant scores at RTP(Time 2), and then three months post 
concussion, from the mean of their respective group at baseline and dividing by the standard 
deviation at baseline. The overall scores were used to create three groups: Trajectory (absolute 
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error, variable error, and normalized full path length), Movement timing (Reaction time, and 
movement time), and Success (Percentage direction reversals and percentage errors). 
Additionally, a Pearson’s correlational analysis was executed to determine whether a 
correlation was present between reaction time and percentage error, and full movement time and 
percentage of error, at baseline, return to play, and three months post concussion time points for 
the Concussion and Control groups. 
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Results 
Sample Trajectories 
An illustration of the motor behaviour demonstrated by one concussed and one control 
participant is shown in Figures 4 and 5. These examples of trajectories for a concussed participant 
and a non-concussed control participant on the standard condition (Figure 4) and the non-standard 
condition (Figure 5) illustrate that overall concussed participants continue to show a difficulty in 
performance while control participants remain relatively consistent.  
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Concussed Participant 2 Non-concussed Control Participant 5 
 
Figure 4. Sample Trajectories for Participant 2 (Concussion group) and Participant 5 (Control 
group) for the standard condition at baseline, return to play (time 2), and three months post 
concussion (time 3). Red dots indicate finger starting position, green lines indicate finger 
trajectory along the touch screen, purple circles indicate the targets, blue dots indicate finger 
ending position. 
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Concussed Participant 2 Non-concussed Control Participant 5 
 
 
Figure 5. Sample Trajectories for Participant 2 (Concussion group) and participant 5 (Control 
group) for the non-standard condition at baseline, return to play (time 2), and three months post 
concussion (time 3). Red dots indicate finger starting position, green lines indicate finger 
trajectory along the touch screen, purple circles indicate the targets, blue dots indicate finger 
ending position. 
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Percentage of direction reversals 
 The concussion group exhibited zero direction reversals at time of return to play on the 
standard condition.The control group exhibited zero direction reversals at baseline, time 2, and 
time 3 on the standard condition, and time 3 on the non-standard condition.  
 
 
 
 
Figure 6. Histogram showing percentage of direction reversals (%) as a function of cognitive-
motor integration (CMI) task condition (standard or non-standard) measured for concussion group 
(CHx) and control group (CTL) at baseline, return to play (RTP) (Time2) and three months post 
concussion (3mos)(Time3) time points. Error bars represent standard error of the mean (*p<0.05).  
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Percentage of error trials 
When comparing baseline to return to play, we observed that Concussion group athletes 
had a significantly smaller overall percentage of error trials (z = -2.232, p=0.026) in the standard 
condition (Figure 7). 
When comparing baseline to return to play, we observed that Concussion group athletes 
had a significantly smaller overall percentage of error trials (z= -2.214, p= 0.027) in the non-
standard condition (Figure 7). This was unexpected given that our group’s previous work showed 
lingering difficulties for athletes with a history of concussion on the non-standard task. 
When comparing the Concussion group to the Control group, we observed a significant 
difference in percentage of error trials (χ2=4.168, p=0.041) on the standard condition at time of 
return to play (Time 2), with a mean rank score of 4.08 for the Control group, and 7.63 for the 
Concussion group (Figure 7), indicating that controls were actually executing more errors than 
Concussion group 
Control group athletes exhibited zero errors at Time 3 in both the standard and non-
standard condition, indicating all trials were executed correctly 
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Figure 7. Histogram showing percentage of error trials (%) as a function of cognitive-motor 
integration (CMI) task condition (standard or non-standard) measured for concussion group 
(CHx) and control group (CTL) at baseline, return to play (RTP)(Time2) and three months post 
concussion (3mos)(Time3) time points. Error bars represent standard error (*p<0.05).  
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Reaction time 
When comparing baseline to return to play, we observed that Concussion group athletes 
had significantly slower reaction times (t= -3.805, df = 5, p=0.013) in the standard condition 
(Figure 8). 
When comparing the Concussion group to the Control group, we observed a significant 
difference in reaction time (χ2=6.585, p=0.010) on the standard condition at time of return to play 
(Time2), with a mean rank score of 7.50 for the Control group, and 2.50 for the Concussion group 
(Figure 8). 
No significant differences were found for the Concussion group, the Control group, or a 
comparison between the two for the non-standard condition. However, when comparing baseline 
to  three months post, we observed that Concussion group athletes had a trend toward faster 
reaction times (z= -1.753, p=0.08) in the non-standard condition (Figure 8) 
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Figure 8. Histogram showing reaction time in milliseconds (ms) as a function of cognitive-motor 
integration (CMI) task condition (standard or non-standard) measured for concussion group 
(CHx) and control group (CTL) at baseline, return to play (RTP)(Time2) and three months post 
concussion (3mos)(Time3) time points. Error bars represent standard error (*p<0.05).  
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Full movement time 
 No significant differences were found on full movement time on any comparisons. See 
Figure 9. 
 
 
 
 
 
 
Figure 9. Histogram showing full movement time in milliseconds (ms) as a function of cognitive-
motor integration (CMI) task condition (standard or non-standard) measured for concussion group 
(CHx) and control group (CTL) at baseline, return to play (RTP)(Time2) and three months post 
concussion (3mos)(Time3) time points. Error bars represent standard error (*p<0.05).  
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Absolute Error 
When comparing baseline to Time 3, we observed a significant decrease in absolute error 
for the Control group athletes (t=-39.957 , df= 1, p=0.016) in the non-standard condition (Figure 
10). 
No significant differences were found for the Concussion group. 
 
 
 
 
Figure 10. Histogram showing absolute error in millimeters (mm) as a function of cognitive-
motor integration (CMI) task condition (standard or non-standard) measured for concussion group 
(CHx) and control group (CTL) at baseline, return to play (RTP)(Time2) and three months post 
concussion (3mos)(Time3) time points. Error bars represent standard error (*p<0.05).  
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Variable error 
When comparing baseline to  Time 2, we observed a significant increase in variable error 
for the Control group athletes (t=-3.210, df = 3, p=0.049) on the standard condition (Figure 11). 
This was unexpected given the learning effect of the task. 
When comparing baseline to three months post concussion, we observed a significant 
decrease in variable error for the Concussion group athletes (z=-2.023, p=0.043) on the standard 
condition (Figure 11). 
When comparing baseline to three months post concussion, we observed a trend towards 
decreased variable error for the Concussion group athletes (z= -1.753, p = 0.08) on the non-
standard condition (Figure 11). 
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Figure 11. Histogram showing variable error in millimeters (mm) as a function of cognitive-
motor integration (CMI) task condition (standard or non-standard) measured for Concussion 
group (CHx) and Control group (CTL) at baseline, return to play (RTP)(Time2) and three months 
post concussion (3mos)(Time3) time points. Error bars represent standard error (*p<0.05).  
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Normalized full path length 
No significant differences were found on normalized full path length on any 
comparisons. See Figure 12. 
 
 
 
 
 
 
Figure 12. Histogram showing normalized full path length as a percentage of start point to end-
point (%) as a function of cognitive-motor integration (CMI) task condition (standard or non-
standard) measured for Concussion group (CHx) and Control group (CTL) at baseline, return to 
play (RTP)(Time2) and three months post concussion (3mos)(Time3) time points. Error bars 
represent standard error (*p<0.05).  
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Peak velocity 
No significant differences were found on peak velocity on any comparisons. See Figure 
13. 
 
 
 
 
 
Figure 13. Histogram showing peak velocity measured as millimeters per millisecond (mm/ms) 
as a function of cognitive-motor integration (CMI) task condition (standard or non-standard) 
measured for Concussion group (CHx) and Control group (CTL) at baseline, return to play 
(RTP)(Time2) and three months post concussion (3mos)(Time3) time points. Error bars represent 
standard error (*p<0.05).  
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Wilcoxon Signed-ranks table 
Due to the small sample size, a Wilcoxon signed-ranks test was used to observe the 
number of individual improvements and declines in each variable at each time point in order to 
quantify non-significant trends visible in the figures. Using the positive and negative ranks, tables 
were constructed indicating the number of participants who exhibited an improvement, decline, 
or no change, from their baseline scores. Results can be found below in Tables 2-9. These tests 
uncovered interesting patterns in the data, despite not reaching statistical significance.  
Table 2. Wilcoxon signed-rank test results comparing return to play versus baseline measures on 
the standard task for the Concussion group. *indicates significance 
Variable Z P-value # improve # decline # no change 
*%DR -2.000 0.046 4 0 2 
*%Err -2.232 0.026 6 0 0 
*RT -2.201 0.028 0 6 0 
MTf -0.734 0.463 2 4 0 
AE -0.734 0.463 2 4 0 
VE -1.153 0.249 5 1 0 
PLfN -1.363 0.173 5 1 0 
PV -1.363 0.173 1 5 0 
 
Table 3. Wilcoxon signed-rank test results comparing Time 2 versus baseline measures on the 
standard task for the Control group. No significant differences. 
Variable Z P-value # improve # decline # no change 
%DR 0.000 1 0 0 4 
%Err  -0.447 0.655 1 1 2 
RT -0.365 0.715 3 1 0 
MTf -1.461 0.144 3 1 0 
AE -0.365 0.715 2 2 0 
VE -1.826 0.068 0 4 0 
PLfN -0.730 0.465 2 2 0 
PV -0.365 0.715 3 1 0 
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Table 4. Wilcoxon signed-rank test results comparing return to play versus baseline measures on 
the non-standard task for the Concussion group. *indicates significance 
Variable Z P-value # improve # decline # no change 
%DR -0.315 0.752 3 3 0 
*%Err -2.214 0.027 6 0 0 
RT -1.572 0.116 4 2 0 
MTf -0.105 0.917 2 4 0 
AE -0.105 0.917 4 2 0 
VE -1.153 0.249 5 1 0 
PLfN -0.524 0.600 3 3 0 
PV -0.943 0.345 3 3 0 
 
Table 5. Wilcoxon signed-rank test results comparing Time 2 versus baseline measures on the 
non-standard task for the Control group. No significant differences. 
Variable Z P-value # improve # decline # no change 
%DR 0.000 1.00 2 2 0 
%Err  -1.095 0.273 3 1 0 
RT -0.730 0.465 2 2 0 
MTf -0.730 0.465 2 2 0 
AE -0.730 0.465 3 1 0 
VE -0.365 0.715 3 1 0 
PLfN -0.730 0.465 3 1 0 
PV 0.000 1.00 2 2 0 
 
Table 6. Wilcoxon signed-rank test results comparing three months post concussion versus 
baseline measures on the standard task for the Concussion group. No significant differences. 
Variable Z P-value # improve # decline # no change 
%DR -0.378 0.705 3 1 1 
%Err -1.490 0.136 4 1 0 
RT -0.944 0.345 1 4 0 
MTf -1.214 0.225 4 1 0 
AE -0.674 0.500 3 2 0 
VE -1.753 0.08 4 1 0 
PLfN -1.483 0.138 4 1 0 
PV -0.674 0.500 4 1 0 
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Table 7. Wilcoxon signed-rank test results comparing Time 3 versus baseline measures on the 
standard task for the Control group. No significant differences. 
Variable Z P-value # improve # decline # no change 
%DR 0.000 1 0 0 2 
%Err 0.000 1 0 0 2 
RT -1.342 0.180 2 0 0 
MTf -0.447 0.655 1 1 0 
AE -1.342 0.180 2 0 0 
VE -0.447 0.655 1 1 0 
PLfN -0.447 0.655 1 1 0 
PV -0.447 0.655 1 1 0 
 
Table 8. Wilcoxon signed-rank test results comparing three months post concussion versus 
baseline measures on the non-standard task for the Concussion group. *indicates significance 
Variable Z P-value # improve # decline # no change 
%DR -0.677 0.498 3 2 0 
%Err -1.214 0.225 4 1 0 
RT -1.753 0.080 4 1 0 
MTf -1.214 0.225 3 2 0 
AE -1.483 0.138 4 1 0 
*VE -2.023 0.043 5 0 0 
PLfN -1.214 0.225 4 1 0 
PV -0.405 0.686 3 2 0 
 
Table 9. Wilcoxon signed-rank test results comparing Time 3 versus baseline measures on the 
non-standard task for the Control group. No significant differences 
Variable Z P-value # improve # decline # no change 
%DR -1.342 0.180 2 0 0 
%Err -1.342 0.180 2 0 0 
RT -0.447 0.655 1 1 0 
MTf -1.342 0.180 2 0 0 
AE -1.342 0.180 2 0 0 
VE -1.342 0.180 2 0 0 
PLfN -1.342 0.180 2 0 0 
PV -0.447 0.655 1 1 0 
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Further Analysis 
Z-Scores of change(∆) 
Given the number of kinematic variables measured on our tasks, z-scores were calculated 
to compare individual scores at RTP (time 2) and 3 months post concussion (time 3) to the mean 
of each group at baseline. These calculations were used to create overall scores for Trajectory, 
Movement timing, and Success. Trajectory consisted of variable error, absolute error, and full 
path length; Movement timing consisted of reaction time, and movement time; and Success 
consisted of percentage direction reversal and percentage error. Scores on Trajectory, Movement 
timing, and Success for each participant can be found below in Table 10,11, and 12, respectively; 
(Concussion group) and Table 13, 14, and 15 (Control Group), respectively. Overall, these tables 
show that on average, both concussed athletes, and non-concussed control athletes are performing 
better than the respective group baselines at both return to play (Time 2) and three months post 
concussion (Time 3). However, when Concussion group participants are compared to control 
group participants, we see that non-concussed controls are showing improved performance to a 
higher degree than concussed athletes, as indicated by the percentage of athletes from each group 
who are performing better than baseline levels (Table 16).  
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Concussion group 
Table 10. Trajectory Score created using z-scores for return to play (RTP) and three months post 
concussion (3 mos. post) on both the standard and non-standard condition for all participants 
within the Concussion group; (negative = better) 
 RTP 3 mos. post 
Participant Standard Non-standard Standard Non-standard 
1 -1.211 -0.501 -- -- 
2 0.248 2.029 -0.979 -0.028 
3 -0.474 -0.124 -0.077 -2.224 
4 0.658 -0.946 1.468 -0.302 
5 -2.556 -2.267 -- -- 
6 -0.157 -1.170 -4.416 -2.843 
7 -- -- -3.546 -1.874 
 
Table 11. Movement timing Score created using z-scores for return to play (RTP) and three 
months post concussion (3 mos. post) on both the standard and non-standard condition for all 
participants within the Concussion group; (negative = better) 
 RTP 3 mos. post 
Participant Standard Non-standard Standard Non-standard 
1 2.441 -0.678 -- -- 
2 1.435 -0.852 -0.744 -1.721 
3 1.860 0.878 0.973 0.037 
4 0.441 -1.711 -0.663 -0.377 
5 1.024 -1.939 -- -- 
6 0.419 -0.603 0.824 -0.759 
7 -- -- -1.999 -2.146 
 
Table 12. Success Score created using z-scores for return to play (RTP) and three months post 
concussion (3 mos. post) on both the standard and non-standard condition for all participants 
within the Concussion group; (positive = better) 
 RTP 3 mos. post 
Participant Standard Non-standard Standard Non-Standard 
1 1.118 -1.20 -- -- 
2 1.118 -0.09 -0.111 -0.588 
3 1.118 -0.22 1.118 -0.22 
4 0.503 1.30 1.118 0.86 
5 1.118 2.16 -- -- 
6 1.118 1.75 0.503 1.699 
7 -- -- -3.02 1.297 
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Control group 
Table 13. Trajectory Score created using z-scores for Time 2 and Time 3on both the standard and 
non-standard condition for all participants within the Control group; (negative = better) 
 RTP 3 mos. post 
Participant Standard Non-standard Standard Non-standard 
1 4.298 -1.927 -- -- 
2 3.614 -1.556 -- -- 
3 -1.212 -0.783 0.846 -3.73 
4 0.773 -1.418 -- -- 
5 -- -- -2.408 -5.909 
 
Table 14. Movement timing Score created using z-scores for Time 2 and Time 3 on both the 
standard and non-standard condition for all participants within the Control group; (negative = 
better) 
 RTP 3 mos. post 
Participant Standard Non-standard Standard Non-standard 
1 -1.157 -0.517 -- -- 
2 -2.363 -2.512 -- -- 
3 0.664 -0.357 0.504 -1.60 
4 -1.422 -1.136 -- -- 
5 -- -- 3.138 2.796 
 
Table 15. Success Score created using z-scores for Time 2 and Time 3 on both the standard and 
non-standard condition for all participants within the Control group; (positive = better) 
 RTP 3 mos. post 
Participant Standard Non-standard Standard Non-standard 
1 -0.679 -1.677 -- -- 
2 0.957 0.53 -- -- 
3 1.844 1.26 1.844 2.530 
4 1.43 0.782 -- -- 
5 -- -- 1.844 2.530 
 
Table 16. Percentage of athletes from both the Concussion group (CHx), and Control group 
(CTL), who had z-scores indicating improved performance on Trajectory, Movement timing, and 
Success on the non-standard condition. 
Time point 
Trajectory Movement Timing Success 
CHx CTL CHx CTL CHx CTL 
Return to Play 83% 100% 83% 100% 50% 75% 
3 mos. post 100% 100% 80% 50% 60% 100% 
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Correlational analyses 
Based on the speed-accuracy trade-off hypothesis, a pearson’s correlation was calculated 
between reaction time and percentage error, and full movement time and percentage of error, at 
baseline, return to play, and three months post concussion time points for the Concussion group 
and baseline, Time 2, and Time 3 for the Control group. The results can be found below in Table17 
(Concussion group) and Table 18 (Control group). These tables indicate a strong, positive 
correlation (r=0.814, p=0.049) between reaction time and percentage of error trials for the 
Concussion group athletes on the non-standard condition, at the time of return to play. No other 
statistically significant correlation patterns were found between reaction time and percentage of 
error trials, or full movment time and percentage of errors on either the standard or non-standard 
condition for the Concussion group or the Control Group.  
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Table 17. Results of Pearson’s correlation to compare reaction time (RT) and percentage of error 
(%Err), and full movement time (MTf) and percentage of error at baseline, return to play (RTP) 
and three months post concussion (3 mos post) time points on both the standard and non-standard 
task, for the Concussion Group 
Time point RT vs. %Err 
Standard 
RT vs. %Err 
Non-standard 
MTf vs. %Err 
Standard 
MTf vs. %Err 
Non- standard 
r-value (p-value) r-value (p-value) r-value (p-value) r-value (p-value) 
Baseline 0.111 (0.575) 0.006 (0.977) -0.335ǂ (0.081) 0.86 (0.665) 
RTP -0.574 (0.234) 0.814* (0.049) -0.059 (0.912) 0.448 (0.372) 
3 mos post 0.347 (0.567) 0.547 (0.340) -0.302 (0.621) 0.477 (0.417) 
*(p<0.05) 
ǂ trend towards statistical significance 
 
Table 18. Results of Pearson’s correlation to compare reaction time (RT) and percentage of error 
(%Err), and full movement time (MTf) and percentage of error at baseline,Time 2, and Time 3 
time points on both the standard and non-standard task, for the Control Group 
Time point RT vs. %Err 
Standard 
RT vs. %Err 
Non-standard 
MTf vs. %Err 
Standard 
MTf vs. %Err 
Non- standard 
r-value (p-value) r-value (p-value) r-value (p-value) r-value (p-value) 
Baseline -0.827ǂ (0.084) -0.619 (0.265) -0.857ǂ (0.064) -0.704 (0.184) 
Time 2 0.179 (0.821) -0.538 (0.462) -0.647 (0.353) -0.934ǂ (0.066) 
Time 3 / / / / 
/ - no errors were made 
ǂ trend towards statistical significance 
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Discussion 
 The aim of this study was to determine whether athletes cleared by current return to sport 
protocols had lingering  functional deficits making it unsafe for them to be returned to play. As 
well, this study looked at whether a computer-based congnitive-motor integration (CMI) task 
could be used to evaluate athlete’s recovery from concussion in a more sensitive and objective 
way than current protocol measures.  
 Results of this preliminary study demonstrate that concussed individuals are able to 
improve upon certain aspects of the CMI task; however, other aspects of the performance suffer. 
As well, concussed athletes may not be improving on the task at the same rate as non-concussed 
control athletes. Our hypothesis that athletes have lingering deficits despite being cleared by 
current return to sport protocols is partially supported, but requires further research. When 
compared to baseline measures, Concussion group athletes exhibited improved performance by 
reducing the percentage of error trials, but with this there appeared to be an effect on reaction 
time and full movement time. As well, Concussion group athletes continued to show direction 
reversal errors, and overall errors on the task even at 3 months post concussion, while control 
athletes were able to perform all BrDITM trials successfully by this time. In using histograms, 
supported by data from Wilcoxon signed-ranks test, interesting tendencies were observed when 
comparing Concussion group patterns to Control group patterns, and Concussion group 
performance at the different time points, despite the current lack of statistical significance. 
However, due to the small sample size measured in this study, we believe certain results not 
statistically significant at this time may show significance with a greater sample size.  
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Concussion and learning a novel cognitive-motor integration task 
Recent studies have found both cognitive and motor alterations in those with a history of 
concussion27,28,29,62,63 For example, De Beaumont et al. (2012) found that GABA-mediated 
intracortical inhibition in the primary motor cortex (M1) as caused by concussion was associated 
with reduced motor learning ability in these participants63. As well, Collins, Grindel, and Lovell 
(1999)64 used a large sample of 393 university football athletes to assess the relationship between 
concussion history and cognitive performance. They found that a history of concussion was 
associated with reduced cognitive performance on neuropsychological tests. Importantly, the 
BrDITM task used in this study has detected lingering deficits following concussion in a wide 
variety of athletes.27,28,29 Therefore, based on previous research and the use of an already validated 
task, we would expect to see a significant decline in Concussion group athletes on the 
performance of the non-standard condition at the time of return to play, and possibly even at three 
months post concussion.  
Interestingly, no significant differences are seen in the non-standard condition at return to 
play, other than a significant improvement in the number of error trials within the Concussion 
group. While this may seem like an indication that the Concussion group is performing well, it is 
important to note that this variable takes into account all errors. Therefore, an improvement on 
this variable may indicate a better understanding of the execution of the task, but not necessarily 
a better overall performance. While not statistically significant,  full movement time shows a 
pattern of decline by certain participants in this condition.Therefore, while participants are able 
to improve on one variable, it may be at the expense of performance on another, which indicates 
that participants may still be having difficulties with the overall performance of the task. 
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The only statistically significant difference in the concussion group at the three month post 
concussion time point is an improvement in variable error. This measures the accuracy of the 
participant’s initial movement toward the target. Improvement in this variable may be indicative 
of an improvement on the task. Therefore, it is important to then use the control group as a 
comparison of what level of improvement should be expected. Due to our small sample size there 
is a lack of statistical significance in the control group. However, an underlying trend is still 
evident. In Figure 11, it is evident that both groups show a decrease in variable error on the non-
standard condition at what looks like the same rate. This may indicate that Concussion group 
athletes are able to successfully improve upon variable error, despite a lack of improvement in 
other measures.  
When looking at Figure 11, 12, and 13 respectively, we see a pattern of improvement in 
variable error and normalized full path length, but a non-significant decline in peak velocity for 
the Concussion group on the standard condition when comparing baseline levels to time of RTP.  
When observing the same group on the non-standard condition we see a pattern of improvement 
only in variable error. Comparing these results to controls, in Figure 8, 9 and 13 respectively, we 
see a pattern of improvement in reaction time, full movement time, and peak velocity on the 
standard condition; and in Figure 7, 10, 11, and 12 respectively, we see a pattern of improvement 
in percentage of error trials, absolute error, variable error, and normalized full path length on the 
non-standard condition. This may be an indication of a learning effect of the task, which the 
concussion group athletes are clearly not exhibiting. Halstead et al., (2013)65 deem it common for 
children to experience difficulties learning new  tasks and remembering previously learned 
material following concussion. Therefore, although the concussion group is not exhibiting 
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lingering behavioural deficits per se, the data may indicate that deficits still remain within the 
connectivity of the brains and therefore, motor learning abilities of these participants. 
Additionally, by using z-scores to create overall scores in Trajectory, Movement timing, 
and Success, comparison between Concussion group performance to Control group performance 
becomes slightly easier. When observing Trajectory, Movement timing, and Success scored at 
RTP, the concussed group shows 83% 83% and 50% improvement, respectively. In comparison, 
the control group shows 100% 100% and 75% improvement, respectively. When observing 
Trajectory, Movement timing, and Success at three months post concussion the concussed group 
shows 80%,100%,and 60%improvement, respectively. In comparison, the control group shows, 
50%, 100% and 100% improvement, respectively. Even with these pilot control results, the 
Control group appears to be performing better than the Concussion group on all three of the 
measures at time of RTP and two of the three measures at three months post concussion.  
However, given the size of the Control group, a group comparison is not ideal. Therefore, it is 
interesting to compare the individuals within the concussed group to their age and sex matched 
controls. For example, Concussion group participant 2 was age and sex matched with Control 
group participant 3. When looking at the z-scores for each participant, Control group participant 
3 performs better at all time points and conditions on both timing and success. A better 
performance by individuals in the Control group when age and sex matched with the Concussion 
group is seen in four out of the six comparisons. Therefore, while the data may suggest that 
athletes are technically performing back at baseline levels at time of return to play and three 
months post concussion, they should actually be improving their performance on the task as seen 
with the Control group. This provides support to our hypothesis that athletes are still exhibiting 
impairments when compared to non-concussed controls. As well, it provides some evidence that 
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the effects of concussion may still be impacting athletes performance at time of return to play and 
even three months later. 
Concussion and alteration of motor planning 
Motor planning is essential to properly execute a goal directed reach. It has been suggested 
that integrated position estimates are required at two stages of motor planning when planning 
goal-directed reaches; the desired movement vector must first be determined, and then the vector 
must be transformed into a joint-based motor command66. Sober and Sabes (2003)66 sought to 
determine if different combinations of sensory input are weighted differently depending on the 
stage of motor planning for a reach. By displacing visual feedback from the arm prior to 
movement onset, they used the resulting movement errors to suggest that the position estimate 
for movement vector planning uses mostly visual input, whereas the estimate for the joint-based 
motor command uses mostly proprioceptive signals. These results suggest that the brain selects 
different combinations of sensory input when estimating the position of the arm depending on 
how the resulting estimate will be used. As mentioned previously, visuomotor integration tasks 
require the combination of both intrinsic and extrinsic information to create an appropriate motor 
plan.47-50 Additionally, the frontoparietal network has been established as crucial for the 
visuomotor integration required for reaching.50, 52  Specifically, changes within the dorsal 
premotor cortex (PMd)54 and superior parietal lobule(SPL)42 have been noted during a non-
standard mapping visuomotor task. This, in combination with the suggestion that the 
transformation of signals into different coordinate frames create errors through possible additional 
noise from computation, or imperfections in their mappings,66 suggests that damage to those areas 
responsible for the transformations would make successfully completing the goal-directed reach 
very difficult. Specifically, previous studies have found impairment in movement planning in 
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concussion, and those at risk for Alzheimer’s and dementia.67 Further, lesions to the deep nuclei 
of the spinocerebellum result in disrupted accuracy, hand path, and timing errors in reaching 
movements; while lesions to the deep cerebellar nucleus of the cerebrocerebellum result in delays 
in initiating movements and irregularities in movement timing.51 Issues with these areas have 
been suggested to be common with those who have experienced concussion.  
As previously noted, those with mild cognitive impairment have shown impaired reaction 
time and movement time on a task with more than one level of decoupling.58 In this study, we 
saw similar results in that the Concussion group athletes seem to be exhibiting issues with both 
reaction time and movement time; whereby, when reaction time appears to improve, movement 
time appears to decline on the non-standard condition at both time points. However, in the 
standard condition we do not see this relationship. This supports the idea that the two levels of 
decoupling are more sensitive to these impairments than the basic motor task alone. Additionally, 
in this study we noted irregularities in variables associated with movement timing such as reaction 
time(Figure 8) full movement time (Figure9) and peak velocity (Figure 13) throughout the 
standard and non-standard tasks at all time points for the Concussion group athletes. This suggests 
that something about the concussive head injury is affecting the abilities of these participants. 
However, further research is needed in order to determine the underlying cause of these patterns.  
Interestingly, the Control group exhibits a moderate to strong negative correlation 
between movement time and percentage of error trials in the standard condition at baseline (r=-
0.857, p=0.064) , and the non-standard condition at both baseline (r=-0.704, p=0.184) and return 
to play (r=-0.934, p=0.066). Conversely, the Concussion group exhibits a negative (albeit, weak) 
correlation in the standard condition at both time points (r=-0.335, p-0.081) (r=-0.059, p=0.912), 
and a positive correlation in the non-standard condition at both time points (r=0.860, p-
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0.665)(r=0.448, p=0.372). It is interesting to note that the Concussion group athletes are 
exhibiting a positive correlation on the non-standard task while the Control group athletes are 
exhibiting a negative one. As well, it is interesting that the strength of the correlation in the 
Concussion group athletes decreases from baseline to RTP, while the correlation in the Control 
group increases. These results together may indicate that the athletes of each group initially 
applied a different strategy, or perhaps a different combination of sensory input, in the cognitive-
motor integration task. However, it is then important to note that the Concussion group strategy 
does not stay the same, or possibly does not work as well, following a concussion. The decrease 
in strength of correlation between movement time and percentage of errors at time of return to 
play when compared to baseline in the Concussion group suggests a possible change in which 
aspects of performance are being focused on and successfully executed. For example, Sober and 
Sabes (2005)68 suggest that an increased focused on proprioceptive signals may create faster 
reaction times but lower accuracy. While we are not seeing this exact change, a change in the 
relationship between two initially strongly correlated variables may point towards a change in 
weighting of available information.  As previously mentioned, the processing in the frontoparietal 
network consists of extensive reciprocal corticocortical projections and changes in the pattern of 
activity have been noted during cognitive-motor integration.42,54 Therefore, these changes may be 
due to damage, as a result of concussion, in communication between the frontoparietal network 
required to coordinate the compensatory trade-off strategy, which is still evidently intact in 
controls. Importantly, this provides some evidence to the hypothesis that athletes have not 
returned to baseline levels of performance as it implies that concussed athletes are having 
difficulty successfully employing the same strategy they used at baseline. 
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Concussion and immeasurable changes 
While currently not fully quantified, another difference in performance is noticeable when 
visually comparing trajectories, as demonstrated in Figures 4 and 5. From these trajectories, it is 
suggestive of the fact that the concussed group individual has not returned to their baseline 
performance ability, while the control participant is performing relatively similar at all time 
points. In the sample control participant we see smoother finger trajectories, less variable starting 
positions, less variable final positions, and a higher number of successful trials (indicated by the 
number of green lines per target). As well, we see that their performance at time 3 looks relatively 
the same as their performance at time one. In the sample Concussion group participant we see 
more erratic finger trajectories, variability in both starting and ending positions, and a lack of 
improvement from baseline to three months post concussion.  Studies show that humans’ hands 
prefer to travel in a relatively straight path from initiation to target location.69 This type of path 
requires increased coordination between muscle activations and joint maniuplations; therefore, 
increasing the need for the central nervous system to act on more complex factors.70 While not 
statistically significant at a group level, it is evident from the green trajectory lines shown in 
Figure 5 that some Concussion group participants are having difficulty controlling their path in 
situations requiring increased cognitive control. For this reason, it is important to also compare 
concussed individuals to themselves, as well as normative data. While, as a group, the concussed 
individuals did not show an abundance of statistically significant changes, it is well known that 
concussions present themselves and resolve very differently in different individuals.71 Recently, 
assessment tools for concussion are increasingly trying to make measures more objective in order 
to allow for more sentive diagnostic measures. However, it is important to take into account the 
individual nature of these injuries, and to remain vigilant when assessing an individual especially 
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if they are showing possible signs of difficulties but are able to pass objective tests such as SCAT 
and ImPACT.  
While an objective measure is the ideal standard in order to ensure interrater reliability, it 
is unwise to ignore the capability of assessments potentially subjective in nature as an addition to 
those objective in nature. For example, one of the symptoms listed on the SCAT5 symptom 
checklist reads “just don’t feel right”. This may seem unuseful to those individuals who have 
never experienced concussion, but it may be an indication of underlying deficits. Concussion 
literature is not at the stage yet where all signs and symptoms have been linked to their underlying 
causes, and given the nature of the injury, there is a possibility it never will be. As shown in this 
study, we note changes in performance on kinematic variables but are still speculating as to the 
underlying causes. Therefore, it is important to include comprehensive and sensitive objective 
measures, as well as supporting subjective components to ensure all bases are covered and  no 
athletes are cleared before it is safe to do so. If an individual happens to remain below the 
threshold of statistical significance on a cognitive-motor integration task, but is still exhibiting 
trajectories as those seen in Figure 5, an underlying deficit may still be at play, and to avoid 
further injury it would be wise to favour the subjective measure in this case. Additionally, when 
observing Figure 7, 8, and 13, a pattern is noticeable amongst the Concussion group athletes 
which is not only different from the Control group athletes, but may also be indicative of some 
sort of change in performance at time of RTP when compared to baseline, and a trend towards 
return to baseline levels at three months post concussion. While we are yet unable to pin point the 
nature of this change, or perhaps the best measure with which to quantify it, we suggest this 
pattern is indicative of a lingering change in brain function not being detected by current Return-
to-sport protocols.  
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The goal of concussion assessments should be to not allow a single individual to return to 
an unsafe environment if they are not fully recovered. The data from this study suggests that these 
assessments should be updated to include improved objective measures, and subjective sub-
components. 
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Conclusion 
While concussion is a very difficult topic of study given its heterogeneity, and overall 
smaller available sample sizes, it is important to continue improving our current standards of 
assessments for the safety of those obtaining this type of injury. Given what appears to be the 
impariment of learning on this novel visuomotor transformation task, and the suspected change 
in strategy by concussed athletes after concussion, it is assumed that our task is tapping into 
diverse brain networks which appear to be affected by concussion. Therefore, it is important to 
integrate these types of cognitive-motor integration tasks into current Return-to-sport protocols 
in order to have a better overall indication of neural healing following concussion. 
As well, it appears that the Concussion group athletes are able to show improvements on 
some variables, but this comes with declines on other variables, lasting as long as three months 
post concussion. These athletes are unable to effortlessly execute a visuomotor reaching task, in 
a controlled environment, with just their finger, but current standards are deeming them fit to 
return to a much more complicated environment. Therefore, it is recommended that more detailed, 
and also continued monitoring of those diagnosed with concussion through tasks such as BrDITM 
which incorporate more difficult cognitive and motor standards combined, be integrated into 
current standards. 
Lastly, while some behaviours may not be statistically significant, observable changes in 
behaviours are, at the very least, a good place to start. While concussion group athletes were able 
to successfully pass current protocols and complete some cognitive-motor integration trials, the 
visual trajectories for many of them were very qualitatively different from their baselines. The 
measurements may not be perfect yet, but it is important to explore all possible indications of 
deficits – such as objective performance on kinematic variables, and subjective performance on 
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visually observable behavioural changes - in order to appropriately diagnose and return athletes 
to play. 
In the end, it is evident that behavioural differences exist between those with a history of 
concussion and those without, and that Concussion damage may still be present and affecting 
ones’ abilities even after passing current recovery measurement standards.  However, the 
potential factors leading to these discrepancies must be investigated further. 
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Study Limitations 
 One major limitation of this study is the small sample size in both groups. As concussion 
symptoms and recoveries are already extremely heterogeneous, a larger sample size is 
recommended in order to potentially uncover performance improvement and decline trends. As 
well, a larger control sample size is recommended in order to better represent the athletic 
population, consisting of more individuals of both sexes from a wider variety of sports. Not only 
would this assist in the comparison to concussed athletes, but it may also uncover interesting 
trends between types of sport and cognitive-motor integration abilities. 
 Secondly, some studies have found a correlation between number of previous concussions 
and performance on cognitive and motor tasks. 62,63,72  The controls used in this study are deemed 
controls based on a self-report of their concussion history. It is possible that these controls may 
have experienced a concussion in the past without being diagnosed properly. This may effect the 
trends of the data seen when comparing concussed athletes to controls. Similarly, Concussion 
group athletes were asked about number of diagnosed concussions at baseline testing. Therefore, 
it is also possible that performance on the BrDITM task and variability within the Concussion 
group could be affected due to previously undiagnosed concussions. 
Additionally, theses data may reflect a sample bias. Specifically, those players with 
greater motor skill ability are more likely to have an increased playing time, and in conjuction 
may be more likely to obtain a concussion.71 This may affect the results of the kinematic variables 
given that Concussion group athletes may be more skilled than Control group athletes. 
 Hence, for future research, it is recommended that a larger sample size be recruited for 
both groups, and a detailed investigation into realistic concussion history of controls, and 
concussion history of the concussion group be completed.  
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Glossary of Terms 
%DR – Percentage of Direction Reversals 
%Err – Percentage of Error Trials 
ADD – Attention Deficit Disorder 
ADHD – Attention Deficit Hyperactivity Disorder 
AE – Absolute Error 
BrDI™ - Brain Dysfunction Indicator 
CDC – Centers for Disease Control and Prevention 
CISG – Concussion in Sport Group 
CMI – Cognitive-motor integration 
CST – Corticospinal tract 
DTI – Diffusion tensor imaging 
M1 – Primary motor cortex 
MCI – Mild cognitive impairment  
MOI – Mechanism of Injury 
MTf – Full Movement Time 
NPLf – Normalized Full Path Length 
PCS – Post-concussion syndrome 
PMC – premotor cortex 
 SMA -  Supplementary motor area 
 CMA – cingulate motor area 
 PMd – lateral dorsal premotor area 
 PMv – lateral ventral premotor areas 
PO – Parieto-occipital extrastriate cortex 
PPC – Posterior parietal cortex 
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SPL – Superior parietal lobule 
MDP – Median dorsal parietal area 
IPS – Intraparietal sulcus 
 MIP – Medial intraparietal sulcus 
 LIP – Lateral intraparietal sulcus 
 VIP – Ventral intraparietal sulcus 
PV – Peak Velocity 
RT – Reaction time 
RTP – Return to Play 
RTS – Return to Sport 
SCAT3 – Sport Concussion Assessment Tool 
SLF – Superior longitudinal fasiculus 
V1 – Primary Visual Cortex 
VE – Variable Error 
  
    63 
References 
1. Borich MR, Cheung KL, Jones P, et al. Concussion: Current concepts in diagnosis and 
management. J Neurol Phys Ther. 2013;37(3):133-139. 
2. Centers for Disease Control and Prevention. Nonfatal traumatic brain injuries from sports 
and recreation activities — United States, 2001-2005. Morb Mortal Wkly Rep. 
2007;56(29):733-737 
3. McCrory P, Meeuwisse WH, Aubry M, et al. Consensus statement on concussion in sport: 
The 4th International Conference on Concussion in Sport held in Zurich, November 2012. Br 
J Sports Med. 2013;47(5):250-258 
4. Ryu WHA, Feinstein A, Colantonio A, Streiner DL, Dawson DR. Early identification and 
incidence of mild TBI in Ontario. Can J Neurol Sci. 2009;36:429-43 
5. Rowson, S., Duma, S. M., Beckwith, J. G., Chu, J. J., Greenwald, R. M., Crisco, J. J., ... & 
Maerlender, A. C. (2012). Rotational head kinematics in football impacts: an injury risk 
function for concussion. Annals of biomedical engineering, 40(1), 1-13 
6. Edwards, J., & Bodle, J. (2014). Causes and consequences of sports concussion. The Journal 
of Law, Medicine, and Ethics, 42(2), 128-132 
7. McCrory, P., Meeuwisse, W., Dvorak, J. … (2017). Consensus statement on concussion in 
sport - the 5th international conference on concussion in sport. British Journal of Sports 
Medicine, 1-10. 
8.  Harmon KG, Drezner JA, Gammons M, et al. American Medical Society for Sports 
Medicine position statement: concussion in sport. Br J Sports Med. 2013;47(1):15-26. 
9. Bigler ED. Neuropsychology and clinical neuroscience of persistent post-concussive 
syndrome. J Int Neuropsychol Soc. 2008;14:1-22. 
10. Giza CC, Hovda DA. The new neurometabloic cascade of concussion. Neurosurgery. 
2015;75:S24-S33. 
11. Bazarian, J. J., Blyth, B., & Cimpello, L. (2006). Bench to bedside: evidence for brain injury 
after concussion—looking beyond the computed tomography scan. Academic Emergency 
Medicine, 13(2), 199-214. 
12. Giza CC, Hovda DA. The neurometabolic cascade of concussion. J Athl Train. 2001;36(3). 
13. Barkhoudarian G, Hovda DA. The Molecular Pathophysiology of Concussive Brain Injury. 
Clin J Sport Med. 2011;30(1):33-48. 
14. Mouzon, B; Bachmeier, C (February 2014). "Chronic neuropathological and neurobehavioral 
changes in a repetitive mild traumatic brain injury model.". Ann. Neurol. 75 (2): 241–254 
15. Smith, D; Johnson, V (April 2013). "Chronic neuropathologies of single and repetitive TBI: 
substrates of dementia?". Nat Rev Neurol. 9 (4): 211–221 
16. Prins ML, Hales A, Reger M, Giza CC, Hovda DA. Repeat traumatic brain injury in the 
juvenile rat is associated with increased axonal injury and cognitive impairments. Dev 
Neurosci. 2010;32:510-518 
    64 
17. Toledo E, Lebel A, Becerra L, et al. The young brain and concussion: Imaging as a 
biomarker for diagnosis and prognosis. Neurosci Biobehav Rev. 2012;36(6):1510-1531. 
18. Choe MC, Giza CC. Diagnosis and management of acute concussion. Semin Neurol. 
2015;35:29-41 
19. Chamard E, Lassonde M, Henry L, et al. Neurometabolic and microstructural alterations 
following a sports-related concussion in female athletes. Brain Inj. 2013;27(9):1038-1046. 
20. Henry LC, Tremblay J, Tremblay S, et al. Acute and chronic changes in diffusivity measures 
after sport concussion. J Neurotrauma. 2011;28:2049-2059. 
21. Smits M, Houston GC, Dippel DWJ, et al. Microstructural brain injury in post-concussion 
syndrome after minor head injury. Neuroradiology. 2011;53:553-563. 
22. Cubon, V. A., Putukian, M., Boyer, C., & Dettwiler, A. (2011). A diffusion tensor imaging 
study on the white matter skeleton in individuals with sports-related concussion. Journal of 
neurotrauma, 28(2), 189-201. 
23. Maroon, J., Lovell, M., Norwig, J., Podell, K., Powell, J., & Hartl, R. (2000). Cerebral 
concussion in athletes: evaluation and neruopsychological testing. Neurosurgery, 47(3), 659-
669 
24. Snyder, A. R., & Bauer, R. M. (2014). A normative study of the sport concussion 
assessment tool (SCAT2) in children and adolescents. The Clinical neuropsychologist, 
28(7), 1091-1103. 
25. Williams, R. M., Welch, C. E., Weber, M. L., Parsons, J. T., & McLeod, T. C. V. (2014). 
Athletic trainers’ management practices and referral patterns for adolescent athletes after 
sport-related concussion. Sports Health: A Multidisciplinary Approach, 6(5), 434-439 
26. Kelly, K. C., Jordan, E. M., Joyner, A. B., Burdette, G. T., & Buckley, T. A. (2014). National 
Collegiate Athletic Association Division I athletic trainers' concussion-management practice 
patterns. Journal of athletic training, 49(5), 665-673. 
27. Hurtubise, J., Gorbet, D., Hamandi, Y., Macpherson, A., & Sergio, L. (2016). The effect of 
concussion history on cognitive-motor integration in elite hockey players. Concussion, (00), 
CNC17. 
28. Dalecki M, Albines D, Macpherson A, Sergio L. Prolonged congnitive-motor impairments in 
children and adolescents with a history of concussion. Concussion. 2016. 
29. Brown J, Dalecki M, Hughes C, Macpherson AK, Sergio LE. Cognitive-motor integration 
deficits in young adult athletes following concussion. BMC Sports Sci Med Rehabil. 
2015;7(1):25. 
30. Wise SP, di Pellegrino G, Boussaoud D. The premotor cortex and nonstandard sensorimotor 
mapping. Can J Physiol Pharmacol. 1996;74(4):469-482. 
31. Gorbet D, Sergio LE. The beahvioural consequences of dissociating the spatial directions of 
eye and arm movements. Brain Res. 2009:77-88. 
    65 
32. Carson, J., Lawrence, D., Kraft, S., Garel, A., Snow, A., Libfeld, P., . . . Fremont, P. (2014). 
Premature return to play and return to learn after sport-related concussion. Canadian Family 
Physician, 60(6), 310-315. 
33. Guskiewicz, K., Register-Mihalik, J., McCrory, P., McCrea, M., Johnson, K., Makdissi, M., 
… Meeuwisse, W. (2013). Evidence-based approach to revising the SCAT2: introducing the 
SCAT3. British Journal of Sports Medicine, 47, 289-293. 
34. Quarrie, K., & Murphy, I. (2014). Towards an operational definition of sports concussion: 
identifying a limitation in the 2012 Zurich consensus statement and suggesting solutions. 
British Journal of Sports Medicine, 48(22), 1589-1591(Robinson & McElhiney, 2016) 
35. Robinson, M., & McElhiney, D. (2016). Investigating a seven-day baseline while 
establishing healthy SCAT3 symptom frequency and severity. International Journal of 
Athletic Therapy and Training, 1-22 
36. Iverson, G., Lovell, M., & Collins, M. (2005). Validity of ImPACT for measuring processing 
speed following sports-related concussion. Journal of Clinical and Experimental 
Neuropsychology, 27(6), 683-689 
37. Schatz, P., Pardini, J., Lovell, M., Collins, M., & Podell, K. (2006). Sensitivity and 
specificity of the ImPACT Test Battery for concussion in athletes. Clinical 
Neuropsychology, 21(1), 91-99. 
38. Guskiewicz, K. M. (2011). Balance assessment in the management of sport-related 
concussion. Clinics in sports medicine, 30(1), 89-102. 
39. Bell, D., Guskiewicz, K., Clark, M., & Padua, D. (2011). Systematic Review of the Balance 
Error Scoring System. Sports Health, 3(3), 287-295 
40. Finnoff, J., Peterson, V., Hollman, J., & Smith, J. (PM&R). Intrarater and Interrater 
reliability of the Balance Error Scoring System (BESS). 2009, 1(1), 50-54 
41. Tippett WJ, Sergio LE. Visuomotor integration is impaired in early stage Alzheimer’s 
disease. Brain Res. 2006:92-102. 
42. Hawkins KM, Sayegh P, Yan X, Crawford JD, Sergio LE. Neural Activity in Superior 
Parietal Cortex during Rule-based Visual-motor Transformations. J Cogn Neurosci. 
2013;25(3):436-454. 
43. Redding GM, Wallace B. Adaptive spatial alignment and strategic perceptual-motor control. 
J Exp Psychol Hum Percept Perform. 1996;22(2):379-394. 
44. Bock O. Components of sensorimotor adaptation in young and elderly subjects. Exp Brain 
Res. 2005;160(2):259-263. 
45. Granek JA, Sergio LE. Evidence for distinct brain networks in the control of rule-based 
motor behavior. J Neurophysiol. 2015;114(2):1298-1309. 
46. Clower D, Boussaoud D. Selective use of perceptual recalibration versus visuomotor skill 
acquisition. J Neurophysiol. 2000;84(5):2703-2708. 
    66 
47. Kakei S, Hoffman DS, Strick PL. Sensorimotor transformations in cortical motor areas. 
Neurosci Res. 2003;46(1):1-10. 
48. Kalaska JF, Crammond DJ. Cerebral cortical mechanisms of reaching movements. Science. 
1992;255(5051):1517-1523. 
49. Kalaska JF, Scott SH, Cisek P, Sergio LE. Cortical control of reaching movements. Curr 
Opin Neurobiol. 1997;7(6):849-859. 
50. Sabes PN. The planning and control of reaching movements. Curr Opin Neurobiol. 
2000;10(6):740-746.  
51. Kandel ER, Schwartz JH, Jessell TM, Siegelbaum SA, Hudspeth A, eds. Principles of Neural 
Science. 5th ed. McGraw-Hill; 2000. 
52. Wise SP, Boussaoud D, Johnson PB, Caminiti R. Premotor and parietal cortex: 
Corticocortical connectivity and combinatorial computations. Annu Rev Neurosci. 
1997;20:25-42. 
53. Andersen RA, Zipser D. The role of the posterior parietal cortex in coordinate 
transformations for visual-motor integration. Can J Physiol Pharmacol. 1988;66:488-501. 
54. Sayegh PF, Hawkins KM, Hoffman KL, Sergio LE. Differences in spectral profiles between 
rostral and caudal premotor cortex when hand-eye actions are decoupled. J Neurophysiol. 
2013;110(4):952-963. 
55. Gorbet DJ, Sergio LE. Don’t watch where you’re going: The neural correlates of decoupling 
eye and arm movements. Behav Brain Res. 2016;298:229-240. 
56. Miall RC, Reckess GZ, Imamizu H. The cerebellum coordinates eye and hand tracking 
movements. Nat Neurosci. 2001;4(6):638-644.  
57. Wolpert D, Ghahramani Z, Jordan M. An internal model for sensorimotor integration. 
Science. 1995;269(5232). 
58. Salek Y, Anderson N, Sergio L. Mild cognitive impairment is associated with impaired 
visual-motor planning when visual stimuli and actions are incongruent. Eur Neurol. 
2011;66:283-293. 
59. Tippett WJ, Sergio LE, Black SE. Compromised visually guided motor control in individuals 
with Alzheimer’s disease: Can reliable distinctions be observed? J Clin Neurosci. 
2012;19(5):655-660. 
60. Hawkins KM, Goyal AI, Sergio LE. Diffusion tensor imaging correlates of cognitive-motor 
decline in normal aging and increased Alzheimer’s disease risk. J Alzheimers Dis. 
2015;44:867-878. 
61. Hawkins KM, Sergio LE. Visuomotor impairments in older adults at increased Alzheimer’s 
disease risk. J Alzheimers Dis. 2014;42:607-621 
62. Collins, M. W., Grindel, S. H., Lovell, M. R., Dede, D. E., Moser, D. J., Phalin, B. R., ... & 
Sears, S. F. (1999). Relationship between concussion and neuropsychological performance 
in college football players. Jama, 282(10), 964-970. 
63. De Beaumont, L., Henry, L. C., & Gosselin, N. (2012). Long-term functional alterations in 
sports concussion. Neurosurgical focus, 33(6), E8. 
    67 
64. Halstead, M. E., McAvoy, K., Devore, C. D., Carl, R., Lee, M., & Logan, K. (2013). 
Returning to learning following a concussion. Pediatrics, 132(5), 948-957. 
65. Sober, S. J., & Sabes, P. N. (2003). Multisensory integration during motor planning. Journal 
of Neuroscience, 23(18), 6982-6992. 
66. Locklin, J., Bunn, L., Roy, E., & Danckert, J. (2010). Measuring deficits in visually guided 
action post-concussion. Sports medicine, 40(3), 183-187. 
67. Morasso, P. (1981). Spatial control of arm movements. Experimental brain research, 42(2), 
223-227. 
68. Sober, S. J., & Sabes, P. N. (2005). Flexible strategies for sensory integration during motor 
planning. Nature neuroscience, 8(4), 490-497. 
69. Kalaska, J. F., & Crammond, D. J. (1992). Cerebral cortical mechanisms of reaching 
movements. Science, 255(5051), 1517. 
70. Giza, C. C., & Kutcher, J. S. (2014). An introduction to sports concussions. CONTINUUM: 
Lifelong Learning in Neurology, 20(6 Sports Neurology), 1545. 
71. Stevens, S. T., Lassonde, M., de Beaumont, L., & Paul Keenan, J. (2008). In-game fatigue 
influences concussions in national hockey league players. Research in sports medicine, 
16(1), 68-74. 
72. De Beaumont, L., Lassonde, M., Leclerc, S., & Théoret, H. (2007). Long‐term and 
cumulative effects of sports concussion on motor cortex inhibition. Neurosurgery, 61(2), 
329-337. 
 
  
    68 
Appendix A 
 I. Full list of concussion symptoms divided by categorical classification 
Symptom Category Symptoms 
Physical Headache 
Nausea/Vomiting 
Balance Problems 
Numbness/Tingling 
 
Sensitivity to light/noise 
Visual Problems 
Dizziness 
Dazed/Stunned 
Emotional Irritable 
Sadness 
More emotional 
Nervousness 
Cognitive Feeling mentally foggy 
Difficulty Concentrating 
Difficulty Remembering 
Repeat Questions 
Feeling mentally slowed down 
Forgetful of recent information 
Confused about recent events 
Sleep Disturbances Drowsiness 
Sleeping less than usual 
Sleeping more than usual 
Trouble falling asleep 
 
II. Graduated return to play protocol. Obtained from McCrory et al. (2017)3 
Rehabilitation 
Stage 
Functional exercise at each stage of 
rehabilitation 
Objective of each 
stage 
1) Symptom-
limited activity 
Every day activities which do not cause 
exacerbation of symptoms 
Recovery 
2) Light Aerobic 
Exercise 
Walking, swimming or stationary cycling 
keeping intensity <70% maximum permitted 
heart rate 
No resistance training 
Increase HR 
3) Sport-specific 
exercise 
Skating drills in ice hockey, running drills in 
soccer 
No head impact activities 
Add movement 
4) Non-contact 
training drills 
Progression to more complex training drills 
E.g. Passing drills in football and ice hockey 
May start progressive resistance training 
Exercise, 
coordination, and 
cognitive load 
5) Full-contact 
practice 
Following medical clearance participate in 
normal training activities 
Restore confidence 
and assess functional 
skills by coaching 
staff 
6) Return to sport Normal game sport  
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III. Distribution of normally and non-normally distributed variables for both Concussion and 
Control group 
 Concussion Group Control Group 
Normally Distributed Reaction Time 
Absolute Error 
Absolute Error 
Variable Error 
Normalize full Path Length 
Peak Velocity 
Non-normally Distributed % Direction Reversals 
% Errors 
Full Movement Time 
Normalized full Path Length 
Peak Velocity 
Variable Error 
% Direction Reversals 
% Errors 
Full Movement Time 
Reaction Time 
 
IV. Average percentage of deleted trials (for a variety of reasons) per condition at each time 
point for both Concussion group and Control group 
 Concussion Group Control Group 
 Condition 1 Condition 8 Condition 1 Condition 8 
Baseline 9.82 7.53 8.75 6.25 
Return to Play 
(Time 2) 
4.17 9.04 12.5 7.8 
3 mos post 
(Time 3) 
8.75 9.42 9.38 12.5 
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Appendix B 
Questionnaire       Date: ________________ 
 
Name: _______________________________   Age: _________ 
 
 
Dominant Hand: ______________________  Sex:   Male   or    Female 
 
Team/League:  ____________________________ Position:  ___________________________ 
 
 
What age did you start playing your sport?   _____________ 
 
 
1.  Do you currently have a concussion?   YES or  NO 
 
If YES, 
a) Approximate date of concussion:  ____________________________ 
 
b) Did you lose consciousness? ______________________ If so, for how long?  ____________ 
 
c)  Please list any current signs and symptoms: 
 
_____________________________________________________________________________ 
 
_____________________________________________________________________________ 
 
_____________________________________________________________________________ 
 
2.  Have you previously had any concussions?   YES or  NO 
 
If YES, 
a)  How many?  _________ 
 
b) Did you lose consciousness? ______________________ If so, for how long?  ____________ 
 
c)  Dates(s) and time out before returning to play / regular activity: 
 
_____________________________________________________________________________ 
 
_____________________________________________________________________________ 
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3.  Do you currently have a non-head related injury?   YES  or  NO 
 
If YES, 
a)  Please describe the nature of the injury: 
___________________________________________________________________________ 
 
b)  Has it kept you from play for longer than 48 hours?     YES  or NO 
 
c)  Has it kept you from play for longer than 3 weeks?     YES  or NO 
 
 
4.  Have you been diagnosed with any neurological disorders?   YES or  NO 
 
If so, please describe the disorder:  
_____________________________________________________________________________ 
 
 
5.  Do you play video games?   YES  or  NO 
If YES, 
a) What kind of video games do you play most often?  (i.e. Fast-paced action games, or 
Puzzle/strategy games, or both?)  Please list some example games. 
 
_____________________________________________________________________________ 
 
_____________________________________________________________________________ 
 
b) How would you rate your skill at video games compared to your peers? 
 
(low skill) 1 2 3 4 5 6 7 8 9 10 (high 
skill) 
 
7.  To your knowledge, does anyone in your immediate or close family (parent, sibling, aunt, 
uncle, 
cousin, grandparent) have any form of dementia? YES or NO 
 
If YES, 
a) What is their relationship to you (e.g., Maternal aunt, father, paternal uncle, cousin on 
mother's side, etc.)?  Please list all if there is more than one relative. 
 
_____________________________________________________________________________ 
 
_____________________________________________________________________________ 
 
_____________________________________________________________________________ 
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This page is for the researchers to complete only. 
 
 
 
BrDI 
File Name(s):  ____________________________________________________________ 
 
Hand used:   Right or  Left 
 
Order of conditions and comments: 
 
____ Direct: __________________________________________________________________ 
 
 
____ Direct Rotated:  ___________________________________________________________ 
 
 
____ Plane Change:  ____________________________________________________________ 
 
 
____ Plane Change Rotated:  _____________________________________________________ 
 
 
Tester:  ______________________________________ 
 
 
 
Modified Tinetti 
 
File Name(s):  ____________________________________________________________ 
 
Comments: 
 
_____________________________________________________________________________ 
 
_____________________________________________________________________________ 
 
_____________________________________________________________________________ 
 
_____________________________________________________________________________ 
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